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Abstract—Application of filter bank multicarrier (FBMC) as
an effective method for signaling over massive MIMO channels
has been recently proposed. This paper further expands the
application of FBMC to massive MIMO by applying frequency
spreading equalization (FSE) to these channels. FSE allows us
to achieve a more accurate equalization. Hence, higher number
of bits per symbol can be transmitted and the bandwidth of
each subcarrier can be widened. Widening the bandwidth of
each subcarrier leads to (i) higher bandwidth efficiency; (ii)
lower complexity; (iii) lower sensitivity to carrier frequency offset
(CFO); (iv) reduced peak-to-average power ratio (PAPR); and
(iv) reduced latency. All these appealing advantages have a direct
impact on the digital as well as analog circuitry that is needed
for the system implementation. In this paper, we develop the
mathematical formulation of the minimum mean square error
(MMSE) FSE for massive MIMO systems. This analysis guides
us to decide on the number of subcarriers that will be sufficient
for practical channel models.
I. INTRODUCTION
Based on the recent discussions on the 5th generation of
wireless communication networks (5G), massive MIMO, as
a candidate, can play a pivotal role in these networks, [1].
Additionally, as a fundamental building block in the physical
layer of 5G networks, the need for signaling techniques that
are compatible with the emerging applications such as the
machine to machine (M2M) communications and Internet of
Things (IoT) is greatly emphasized [2]. Filter bank multicarrier
(FBMC), a method that was initially proposed about 50 years
ago, [3], [4], is recently being considered as a candidate for
5G systems, [1].
Massive MIMO is a code division multiple access (CDMA)
like system that may be used to increase the capacity of
multiuser networks, [5]. As it is shown in [6], by increasing
the number of antennas at the base station (BS), the effects
of noise and multiuser interference (MUI) start to vanish until
they will be completely removed as the number of BS antennas
tends to infinity. In the recent works [7] and [8], FBMC was
proven to be a good match for massive MIMO and vice versa
as they can both bring a great number of appealing properties
into the picture of 5G systems. From network capacity view-
point, this combination is of a paramount importance as the
same spectrum is not only being reused by all the users (an
advantage of massive MIMO) but it is being used in a more
bandwidth efficient way.
A few recent publications have introduced an alternative to
the traditional polyphase-based implementation of the FBMC
systems that is termed as frequency spreading FBMC (FS-
FBMC), [9]–[13]. This technique offers a number of advan-
tages that put FBMC in a strong position as a candidate for the
future wireless standards. FS-FBMC was explained for the first
time in a document that came out of the PHYDYAS project,
[9]. Further details of FS-FBMC were presented, by the same
author, in [10]. The sensitivity of FS-FBMC to the timing
offset is studied in [11] where the robustness of the FS-FBMC
frequency domain equalizer to the timing errors compared with
its counterpart with a polyphase-based receiver structure was
reported. Berg et al., [12], have explored the utilization of FS-
FBMC to access TV white spaces. All these works have used
the filter designed by Martin [14] and Mirabbasi and Martin
[15] for the implementation of FS-FBMC system.
As an extension to our previous work, [7], in this paper, we
introduce the frequency spreading equalization (FSE) concept
to the realm of FBMC-based massive MIMO systems. Thanks
to the better equalization capability of FS-FBMC systems, we
will show that FSE brings a great amount of performance
enhancement compared with the results of [7]. This allows the
usage of even wider subcarriers than what was suggested in [7]
which in turn further reduces the latency due to the synthesis
and analysis filter banks. Furthermore, this unlocks utilization
of higher order modulation schemes in FBMC-based massive
MIMO systems. Using a smaller number of subcarriers leads
to a lower complexity, lower sensitivity to CFO, reduced PAPR
and reduced latency. These advantages simplify the digital and
analog circuitry that is needed for the system implementation.
Widening the bandwidth of each subcarrier is equivalent to
shortening the length of the prototype filter. This, in turn, has
the impact of increasing the bandwidth efficiency of FBMC,
as the ramp-up and ramp-down of the FBMC signal will be
shortened. A factor that limits utilization of FBMC systems
in some applications like bursty M2M communications is the
long ramp-up and ramp-down of their signals. To tackle this
problem, some researchers have introduced the concept of
FBMC systems with circular pulse-shaping, [16]–[19], where
the prototype filter transients can be removed through the
so called tail biting property. Even though these systems
can remove the prototype filter transients from their signals,
they need to add a cyclic extension to form their signal.
Additionally, they suffer from higher out of band emissions
than the FBMC systems with linear pulse-shaping, [18], [20].
The approach in this paper is to reduce the ramp-up and ramp-
down of the FBMC signal through widening the subcarriers
while achieving a good equalization performance. This re-
duced transient duration of the linearly pulse-shaped FBMC
signals is equivalent to the cyclic extensions being used to
form the circularly pulse-shaped FBMC signals. Therefore, in
terms of bandwidth efficiency, both systems seem to be about
the same while linearly pulse-shaped FBMC systems keep the
advantage of having a lower out of band emissions.
The rest of the paper is organized as follows. FBMC signal
construction and the frequency spreading method are explained
in Section II. The proposed frequency spreading equalization
for the massive MIMO systems is discussed in Section III
where we have also derived analytical signal to interference
plus noise (SINR) expressions. Various aspects of our design
are analyzed through computer simulations in Section IV.
Finally, the paper is concluded in Section V.
Notations: Scalars, vectors and matrices are represented in
regular letters, boldface lower and upper case letters, respec-
tively. IN denotes an N × N identity matrix. The matrix
or vector superscripts (·)T and (·)H indicate transpose and
conjugate transpose, respectively. ‖ · ‖ and | · | represent Eu-
clidean norm and absolute value, respectively. ℜ{·}, ℑ{·}, E[·]
and (·)−1 identify the real and imaginary parts of a complex
number, expectation and inverse of a matrix, respectively.
Linear convolution is denoted by ⋆, and the superscript ∗
represents the complex conjugate.
II. CMT AND ITS FREQUENCY SPREADING
IMPLEMENTATION
In cosine modulated multitone (CMT), which is a type of
FBMC similar to the widely known OQAM-FBMC technique
[21], real-valued data symbols are spread across time and
frequency such that if the symbol time spacing, i.e., symbol
period, is denoted by T , the symbol frequency spacing is
F = 12T . Moreover, subcarrier phases are toggled between 0
and π/2 so that adjacent subcarriers have a quadrature phase
difference. This phase-adjustment is necessary for the CMT
receiver to be able to recover the transmitted data symbols
free of interference along time and frequency. The filter p(t),
which is used to pulse shape the data symbols, is a square-
root Nyquist filter, i.e., q(t) = p(t)⋆p∗(−t) is a Nyquist filter,
where the spacing between its zero-crossings is equal to 2T .
In practice, the CMT signal is efficiently synthesized at the
transmitter and analyzed at the receiver using the polyphase
network (PPN) [22], [23]. However, as it has been recently
suggested by Bellanger [9], the frequency spreading structure
can be utilized to gain a number of advantages compared
with the traditional PPN method. In particular, an interest-
ing property of FS-FBMC structure is its high-performance
equalization capability. This equalization, namely, FSE, can
be utilized in the context of massive MIMO as suggested
in Section III. In the rest of this section, and for our later
reference, we review the frequency spreading structure when
applied to CMT, which we hereafter call FS-CMT.
The basic idea of the frequency spreading method is that a
discrete-time square-root Nyquist filter, p[n], of size N = KL,
can be synthesized in the frequency domain using a set of
th symbol 
n
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Fig. 1. The overlap and add operation.
2K − 1 distinct tones, as
p(n) =
K−1∑
k=−K+1
cke
j 2pikn
N . (1)
Here, ck is a real-valued coefficient that indicates the fre-
quency response of the p(n) at the frequency ωk = 2πkN , K is
the overlapping factor, i.e., it signifies the number of symbols
that overlap in the time domain and L is the sample spacing of
the zero-crossings of the Nyquist filter q(n) = p(n)⋆p∗(−n).
When the above idea is extended to the multicarrier case,
the symbols at each subcarrier should be pulse-shaped in the
frequency domain using the set of ck’s. An inverse discrete
Fourier transform (IDFT) block of size N can then be used
to calculate the time domain samples from their frequency
domain counterparts. Casting the above discussion into the
mathematical form, the FS-CMT symbol can be obtained as
x(n) = FHNAΦs(n). (2)
Here, s(n) =
[
s0(n) s1(n) · · · sL−1(n)
]T
, where sk(n)
indicates the data symbol at the kth subcarrier and nth
symbol time, Φ indicates the phase-adjustment matrix which
is an L × L diagonal matrix with the diagonal elements
{1, ej
pi
2 , . . . ej
pi
2
(L−1)}, A is the spreading matrix of size
N × L whose kth column contains the coefficients cℓ’s that
are centered at the center frequency of the kth subcarrier,
F
H
N indicates the IDFT matrix and x(n) is an N × 1 vector
indicating the nth FS-CMT symbol in time domain.
Noting that the size of each FS-CMT symbol is N and
the symbol spacing is equal to L/2, the transmit signal can
be constructed by performing the overlap-and-add operations
on the symbol vectors as illustrated in Fig. 1. Assuming an
ideal channel and having a perfect synchronization between
transmitter and receiver, the N samples that correspond to the
nth symbol are collected in the vector rˆ(n), at the receiver
side, and the data symbols are recovered according to
sˆ(n) = ℜ
{
Φ
−1
A
T
FN rˆ(n)
}
. (3)
Since we assumed an ideal channel, equalization was not con-
sidered here. In the presence of the channel, the equalization
can be embedded after obtaining the DFT output samples, [10].
In the next section, we extend the equalization scheme that was
originally proposed for single antenna systems in [10] to the
context of massive MIMO.
P (ℓ,i)s =
K−1∑
k=−K+1
c2k|w
T
i+k,ℜ(ℓ)hi+k,ℜ(ℓ) +w
T
i+k,ℑ(ℓ)hi+k,ℑ(ℓ)|
2, (8)
P
(ℓ,i)
I =
K−1∑
k=−K+1
M−1∑
m=0
m 6=ℓ
c2k|w
T
i+k,ℜ(ℓ)hi+k,ℜ(m) +w
T
i+k,ℑ(ℓ)hi+k,ℑ(m)|
2
+
K−1∑
k=−K+1
M−1∑
m=0
c2k|w
T
i+k,ℜ(ℓ)hi+k,ℑ(m)−w
T
i+k,ℑ(ℓ)hi+k,ℜ(m)|
2 +
K−1∑
k=−K+1
c2kσ
2
v‖wi+k(ℓ)‖
2. (9)
III. MMSE-FSE IN MASSIVE MIMO
An interesting property of FBMC in massive MIMO chan-
nels that is called self-equalization was recently reported in
[7]. Due to that property, a channel flattening effect takes
place as a result of linear combining of the channel gains in
different receiver antennas during the equalization procedure.
As a result, wider subcarriers in frequency can be utilized
which brings a number of benefits to FBMC systems in
massive MIMO application. The benefits of FBMC-based
massive MIMO systems are well articulated in [7] and [8].
As it is shown in [11], a better channel equalization can
be achieved through frequency spreading implementation of
FBMC systems compared with the FBMC implementations
based on polyphase networks. Hence, based on the results
of [11] and [7], we are interested in the investigation of the
FS-FBMC in massive MIMO channels. As will be shown in
Section IV, due to the higher frequency resolution of FS-
FBMC, the subcarrier bands in these systems can be widened
even more than what is reported in [7]. Thus, the latency due
to the synthesis and analysis filter banks can be reduced to a
great extent compared with single antenna systems.
In this section, we derive the mathematical foundation for
MMSE-FSE in massive MIMO systems. In a multiuser MIMO
system similar to the one in [6], let Nr be the number of
receive antennas at the base station and M the number of
users. Each user’s mobile terminal (MT) is equipped with a
single transmit/receive antenna. All MTs are simultaneously
communicating with the BS in time division duplexing (TDD)
mode. The number of BS antennas is considered much larger
than the number of users, i.e., Nr ≫M . The users communi-
cate with the BS using CMT modulation. The users’ signals
are distinguished by their respective channel gains between
each MT antenna and the BS antennas. The channel gain
vectors for different users are assumed to be independent with
respect to each other. Recalling the structure of the CMT
receiver from Section II, the output at the ith bin of the FFT
block from the ℓth user at all the receive antennas can be
stacked into an Nr× 1 vector r˜ℓi = rℓihi(ℓ) where hi(ℓ) is the
channel gain vector whose elements are the gains between the
ℓth MT antenna and the BS antennas at the ith frequency bin.
The coefficient rℓi is the received signal at the ith bin of the
output of the FFT block at the receiver from user ℓ in an ideal
channel. The vectors r˜ℓi are the received signals from different
users that contribute to form the received signal at the BS.
Accordingly, the received signal vector can be written as
r˜i =
M−1∑
ℓ=0
r˜
ℓ
i + vi = Hiri + vi, (4)
where Hi = [hi(0), . . . ,hi(M − 1)], ri = [r0i , . . . , r
M−1
i ]
T
and vi is an Nr × 1 vector that contains the FFT samples of
the additive white Gaussian noise (AWGN) at the ith bin of
the output of the FFT blocks at different receive antennas.
In order to estimate different users’ transmitted symbols,
a number of equalization techniques can be utilized; namely,
matched filter (MF) and MMSE. However, as it is noted in
[7], in realistic situations when the number of BS antennas is
finite, MF equalization incurs some performance degradation
due to the residual multiuser interference. In this paper, our
discussion will be limited to the MMSE-FSE which is known
to be a superior technique.
In MMSE-FSE for massive MIMO systems, similar to
single antenna FS-FBMC systems, equalization needs to be
performed before despreading the output of the FFT blocks.
Therefore, the MMSE linear combining aims at estimating the
vector ri that contains the equalized samples of different users
at the output of their FFT blocks. The MMSE solution of (4)
is optimal as it maximizes the signal-to-interference-plus-noise
(SINR), [24]. Following the same line of derivations as in [7],
the MMSE estimates of ri’s can be obtained as
rˆi =W
H
i r˜i, (5)
where the coefficient matrix Wi = Hi(HHi Hi + σ2vIM )−1
contains the optimal MMSE filter tap weights for different
users in its columns. It is worth mentioning that the ele-
ments of the noise vector vi are assumed to be independent
and identically distributed Gaussian random variables with
variances of σ2v and E
[
viv
H
i
]
= σ2vIM . After the MMSE
estimation of the vectors rˆi for i = 0, . . . , N − 1, frequency
despreading can be separately applied for each user. To this
end, let Rˆ = [rˆ0, . . . , rˆN−1]T. Consequently, the MMSE
estimates of the transmitted data symbols of different users,
i.e., sℓ for ℓ = 0, . . . ,M−1 can be obtained through frequency
despreading
Sˆ = ℜ{Φ−1ATRˆ}, (6)
where the L×M matrix Sˆ contains the MMSE estimation of
the transmitted data symbols of different users, i.e., sˆℓ’s, on
its columns.
Based on equations (4) to (6) and the assumption of having
a flat fading channel gain over each frequency bin of DFT,
the output SINR of the CMT receiver with MMSE channel
equalization for the ℓth user at subcarrier i can be calculated
as follows.
SINR
(ℓ,i)
MMSE =
P
(ℓ,i)
s
P
(ℓ,i)
I
, (7)
where P (ℓ,i)s and P (ℓ,i)I are signal and interference-plus-noise
powers, respectively. P (ℓ,i)s and P (ℓ,i)I can be obtained using
equations (8) and (9) that are shown on the top of the previous
page where wi,ℜ(m) and hi,ℜ(m) represent the real parts of
the mth columns of the matrices Wi and Hi, respectively.
Similarly, the subscript ℑ in the equations (8) and (9) shows
the imaginary part of the corresponding vectors. It is worth
mentioning that equation (7) is used as a benchmark to
investigate the channel flatness assumption in Section IV.
IV. NUMERICAL RESULTS
In this section, the theoretical developments of the paper are
analyzed and corroborated through numerical results. We use
the results of [7] as the basis in order to evaluate the signal
processing power of the FS method in the context of massive
MIMO. It is worth noting that all of our simulations are based
on a sample set of channel responses generated according
to the SUI-4 channel model proposed by the IEEE802.16
broadband wireless access working group, [25]. Additionally,
the channels between different users and different antennas are
considered independent with respect to each other.
In the first set of simulations (Fig. 2), we study the effect of
increasing the number of antennas on the signal-to-interference
ratio (SIR) performance. In Fig. 2, a single-user in a noise-
free channel is considered to investigate the self-equalization
property in FS-FBMC based massive MIMO systems. To
evaluate the robustness of the FSE to the subcarrier width,
we have repeated the simulations for three cases of 8, 16, and
32 subcarriers and different number of receive antennas at
the base station. More specifically, for the total bandwidth of
2.8 MHz, we consider the subcarrier widths of 350, 175, and
87.5 kHz, respectively. SIRs are evaluated at all the subcarrier
channels. Note that in each curve, the number of points along
the normalized frequency axis is equal to the number of
subcarriers, L. As these results highlight, we can achieve a
significant performance improvement even for the subcarrier
spacings as large as 350 kHz.
The effectiveness of these results will be more clear if
we compare the FSE technique with the conventional PPN
algorithm. Fig. 3 compares the SIR performance of the PPN-
FBMC with FS-FBMC system. A single-tap equalizer per
subcarrier is used in the PPN-FBMC structure. From Fig. 3,
it can be understood that the SIR improvement of higher than
30 dB can be achieved through FS-FBMC in comparison with
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Fig. 2. (a), (b) and (c) compare the SIR performance for the cases of 8, 16
and 32 subcarriers, respectively, with different number of receive antennas,
Nr.
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Fig. 3. SIR for the case of having L = 16, K = 4, M = 1 and different
number of BS antennas.
the PPN-FBMC structure. This means that higher order mod-
ulation schemes can be utilized in FS-FBMC based massive
MIMO systems compared with their PPN-based counterpart.
The same as the previous case, the total bandwidth is fixed to
2.8 MHz, the number of subcarriers L = 16 and overlapping
factor of K = 4 are considered. This results in the subcarrier
spacing of 2800/16 = 175 kHz. This subcarrier spacing is
relatively wide. In fact, it is 175/15 ≈ 12 times larger than
the subcarrier spacing of the OFDM-based systems (e.g. IEEE
802.16 and LTE).
Next, we consider a multiuser scenario with M = 6 users,
L = 16 subcarriers and K = 4. With the assumption of having
perfect power control for all the users, the signal-to-noise-ratio
(SNR) of SNRin = −1 dB at the input of BS antennas is
considered. The output SINR can be obtained using SNRin +
10 log10Nr in dB. Fig. 4 compares the SINR values from
simulation for two cases of Nr = 128 and Nr = 64 with
the theoretical SINR values that are calculated based on the
assumption of having a flat fading channel per subcarrier band
that is calculated from equation (7). As the figure depicts,
the theoretical derivations match perfectly with the simulation
results. This emphasizes that the channel is flattened over all
the subcarrier bands, thanks to the self-equalization property.
The subcarrier spacing that achieves the same SINR as that
of (7) is 4 times larger than what was suggested in [7] which
brings a significant improvement in terms of shortening the
length of the prototype filter and hence reducing the latency
that is imposed by the transmit and receive filter banks.
V. CONCLUSION
In this paper, the idea of frequency spreading FBMC was ex-
tended to the massive MIMO systems. In addition, an effective
MMSE equalization scheme for FBMC-based massive MIMO
systems was derived. It was shown that further subcarrier
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Fig. 4. SINR evaluation of the MMSE linear combining for the case of
L = 16, K = 4, and M = 6. The SNR at the receiver input is −1 dB.
widening than what was suggested in [7] is possible using FS-
FBMC structure while gaining from self-equalization property.
Based on the SIR and SINR performance results, higher
order modulation techniques can be utilized in FS-FBMC
based massive MIMO systems. Furthermore, improvements
in terms of bandwidth efficiency, robustness to frequency
offsets, complexity, PAPR and latency compared with the
polyphase based FBMC systems can be achieved using FS-
FBMC structure.
REFERENCES
[1] J. Andrews, S. Buzzi, W. Choi, S. Hanly, A. Lozano, A. Soong, and
J. Zhang, “What will 5G be?” Selected Areas in Communications, IEEE
Journal on, vol. 32, no. 6, pp. 1065–1082, June 2014.
[2] P. Banelli, S. Buzzi, G. Colavolpe, A. Modenini, F. Rusek, and
A. Ugolini, “Modulation formats and waveforms for 5G networks: Who
will be the heir of OFDM?: An overview of alternative modulation
schemes for improved spectral efficiency,” Signal Processing Magazine,
IEEE, vol. 31, no. 6, pp. 80–93, Nov 2014.
[3] R. Chang, “High-speed multichannel data transmission with bandlimited
orthogonal signals,” Bell Sys. Tech. J., vol. 45, pp. 1775–1796, Dec.
1966.
[4] B. Saltzberg, “Performance of an efficient parallel data transmission
system,” IEEE Transactions on Communication Technology, vol. 15,
no. 6, pp. 805–811, 1967.
[5] F. Rusek, D. Persson, B. K. Lau, E. Larsson, T. Marzetta, O. Edfors,
and F. Tufvesson, “Scaling up MIMO: Opportunities and challenges with
very large arrays,” Signal Processing Magazine, IEEE, vol. 30, no. 1,
pp. 40–60, Jan 2013.
[6] T. Marzetta, “Noncooperative cellular wireless with unlimited numbers
of base station antennas,” IEEE Transactions on Wireless Communica-
tions, vol. 9, no. 11, pp. 3590–3600, 2010.
[7] A. Farhang, N. Marchetti, L. Doyle, and B. Farhang-Boroujeny, “Filter
bank multicarrier for massive MIMO,” in Proc. of IEEE VTC-Fall 2014,
[Online] available: arXiv: 1402.5881, 2014.
[8] A. Farhang, A. Aminjavaheri, N. Marchetti, L. E. Doyle, and B. Farhang-
Boroujeny, “Pilot decontamination in cmt-based massive mimo net-
works,” in Wireless Communications Systems (ISWCS), 2014 11th In-
ternational Symposium on. IEEE, 2014, pp. 589–593.
[9] M. Bellanger, “FBMC physical layer: a primer,” Tech. Rep., 06/2010.
[10] ——, “FS-FBMC: An alternative scheme for filter bank based multicar-
rier transmission,” in 5th International Symposium on Communications
Control and Signal Processing (ISCCSP), May 2012, pp. 1–4.
[11] ——, “FS-FBMC: A flexible robust scheme for efficient multicarrier
broadband wireless access,” in IEEE Globecom Workshops, 2012.
[12] V. Berg, J.-B. Dore, and D. Noguet, “A flexible FS-FBMC receiver
for dynamic access in the TVWS,” in 9th International Conference
on Cognitive Radio Oriented Wireless Networks and Communications
(CROWNCOM), June 2014, pp. 285–290.
[13] A. Aminjavaheri, A. RezazadehReyhani, and B. Farhang-Boroujeny,
“Frequency spreading doppler scaling compensation in underwater
acoustic multicarrier communications,” in IEEE ICC 2015 - Wireless
Communications Symposium (ICC’15 (02) WC), London, United King-
dom, Jun. 2015.
[14] K. Martin, “Small side-lobe filter design for multitone data-
communication applications,” IEEE Transactions on Circuits and Sys-
tems II: Analog and Digital Signal Processing, vol. 45, no. 8, pp. 1155–
1161, Aug 1998.
[15] S. Mirabbasi and K. Martin, “Overlapped complex-modulated transmul-
tiplexer filters with simplified design and superior stopbands,” IEEE
Transactions on Circuits and Systems II: Analog and Digital Signal
Processing, vol. 50, no. 8, pp. 456–469, Aug 2003.
[16] G. Fettweis, M. Krondorf, and S. Bittner, “GFDM - generalized
frequency division multiplexing,” in IEEE 69th Vehicular Technology
Conference, 2009. VTC Spring 2009., 2009, pp. 1–4.
[17] A. Farhang, N. Marchetti, and L. E. Doyle, “Low complexity tran-
ceiver design for GFDM,” in arXiv: 1501.02940, [Online] available:
http://arxiv.org/abs/1501.02940 , 2015.
[18] H. Lin and P. Siohan, “An advanced multi-carrier modulation for future
radio systems,” in IEEE International Conference on Acoustics, Speech
and Signal Processing (ICASSP), May 2014, pp. 8097–8101.
[19] A. Tonello and M. Girotto, “Cyclic block FMT modulation for broad-
band power line communications,” in IEEE International Symposium on
Power Line Communications and Its Applications (ISPLC), 2013, March
2013, pp. 247–251.
[20] N. Michailow, I. Gaspar, S. Krone, M. Lentmaier, and G. Fettweis,
“Generalized frequency division multiplexing: Analysis of an alternative
multi-carrier technique for next generation cellular systems,” in Interna-
tional Symposium on Wireless Communication Systems (ISWCS). IEEE,
2012, pp. 171–175.
[21] B. Farhang-Boroujeny and C. (George) Yuen, “Cosine modulated and
offset QAM filter bank multicarrier techniques: A continuous-time
prospect,” EURASIP Journal on Applied Signal Processing, 2010, spe-
cial issue on Filter Banks for Next Generation Multicarrier Wireless
Communications, vol. 2010, p. 16 pages, 2010.
[22] B. Farhang-Boroujeny, “Filter bank multicarrier modulation: A wave-
form candidate for 5g and beyond,” Advances in Electrical Engineering,
vol. 2014, 2014.
[23] ——, “OFDM versus filter bank multicarrier,” IEEE Signal Processing
Magazine, vol. 28, no. 3, pp. 92–112, 2011.
[24] ——, Adaptive Filters: Theory and Applications, 2nd ed. New York,
NY, USA: John Wiley & Sons, Inc., 2013.
[25] The IEEE802.16 Broadband Wireless Access Working Group, Chan-
nel Models for Fixed Wireless Applications [Online]. Available:
http://www.ieee802.org/16/tg3/contrib/802163c-01 29r4.pdf.
